Using nuclear magnetic resonance we study the dynamics of the hydrogen bond (HB) sub-domains in bulk and emulsified water across a wide temperature range that includes the supercooled regime. We measure the proton spin-lattice T 1 and spin-spin T 2 relaxation times to understand the hydrophilic interactions that determine the properties of water. We use (i) the Bloembergen, Purcell, and Pound approach that focuses on a single characteristic correlation time ⌧ c , and (ii) the Powles and Hubbard approach that measures the proton rotational time ⌧ ✓ . We find that when the temperature is low both relaxation times are strongly correlated when the HB lifetime is long, and that when the temperature is high a decrease in the HB lifetime destroys the water clusters and decouples the dynamic modes of the system. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Water is an interesting and intriguing research subject that is essential to life and human activity but we still do not completely understand its behavior. 1,2 This apparently simple molecule of two atoms of hydrogen and one of oxygen has many anomalous thermodynamical properties, e.g., the density maximum at 4 C. The most puzzling of these anomalies are the significant increases in volume, entropy fluctuations, and cross-fluctuations when the temperature is decreased down to the supercooled state-a moderate pressure allows supercooling down to approximately 180 K. 3, 4 (In normal liquids, fluctuations decrease when T is decreased.) In addition, such transport quantities as thermal conductivity, viscosity, selfdiffusion, and relaxation times all display anomalies. [5] [6] [7] [8] [9] [10] There are thus many open questions regarding the chemical-physical properties of water, both dynamic and structural.
Although these anomalies are found in the low T region of the water phase diagram, the high T regime of the stable liquid is also of interest, in particular in water solutions and in water in biological systems. Hydrogen bond (HB) interactions determine the properties of water in both bulk and solution configurations. Each water molecule has two positively charged lobes containing the protons and two lone pairs of electrons. The HB is a non-covalent interaction between an electropositive hydrogen atom on one molecule and an electronegative oxygen atom on a second molecule.
The tetrahedral symmetry of the local order around each water molecule generates anticorrelations in the supercooled state. 2 As water is cooled, the HB interaction orders the nearest neighbor molecules that gradually assume the fourcoordinated geometry characteristic of the local structure of water. In ordinary ice, each water molecule has four nearest a) Electronic mail: francesco.mallamace@unime.it neighbors, a hydrogen donor to two of them and a hydrogen receptor from the other two. Also in the liquid phase water is governed by tetrahedrality, but in contrast to the solid crystalline phase with a permanent network held together by HB, it is local and transient. Regions of local tetrahedral order can possess a larger specific volume than the overall average. The entropy, on the other hand, always decreases upon cooling because the specific heat is, of necessity, positive. As T decreases, the local specific volume increases due to the progressive increase in the tetrahedral order. Thus the entropy and volume can become anticorrelated, and the thermal expansion coefficient ↵ P = (@ ln ⇢/@T ) P can become negative. Water studies of the thermodynamical response functions suggest that when the temperature is decreased the onset of the tetrahedral water patches occurs at T ⇤ ' 320 K. At higher temperatures, the behavior of water is the same as in simple liquids. 11 When water is in a solution, the solute chemical moieties change the HB ordering process, e.g., the ion charge in salt solutions and the hydrophobic heads in simple alcohols and polymer systems. The functions of biosystems, e.g., peptides, proteins, or DNA, are affected by their interaction with water and in particular by the contrast between hydrophilic and hydrophobic metabolites. Thus water is not simply a solvent but is also an integral and active component, i.e., it is itself an important "biomolecule" that plays both a dynamic and structural role. 12 Water interactions-both hydrophilic (HBs) and hydrophobic-are thus key in understanding the properties of water and how water functions in biological environments. 13 Using nuclear magnetic resonance (NMR) experiments it was recently found that, in the thermal denaturation of hydrated lysozyme, the hydrophilic (the amide NH) and hydrophobic (methyl CH 3 and methine CH) peptide groups evolve and exhibit different temperature behaviors, thus clarifying the role of water and hydrogen bonding in the stabilization of protein configurations. 14 Although HB interactions have been well described both experimentally and theoretically, hydrophobicity remains an open question, e.g., we do not know the potential form of the mean hydrophobic force. We also do not know the conformation of the water molecules in the hydration shells around a hydrophobic solute or what contributes to its entropy and to the energy of the change in the structure of the solute itself. We only know the solute effect of neighboring water on the structure.
Here we use the measured relaxation time as a function of temperature to examine the HB properties of bulk water. Using a 1 H NMR experiment we measure both the proton spinlattice relaxation time (T 1 ) and the proton spin-spin relaxation time (T 2 ) to quantify water properties across temperatures that range from the stable liquid phase to the supercooled phase, and hence the time required for a molecule to interact. Originally T 1 was defined as the time required after a constant field H 0 is applied for thermal equilibrium to be established. Although T 1 is the time required for energy to be transferred by a molecule to its environment at a resonance frequency (the shorter the time, the stronger the interaction), 15, 16 T 2 is the time required for the transverse component of the magnetization to disappear due to dephasing mechanisms provoked by the interaction between spins of the same species (as in T 1 , the shorter the T 2 , the stronger the interaction).
An important property of solid water is polyamorphism. 17, 18 Subject to both T and P, water has two amorphous (glassy) phases with differing structures, low density amorphous (LDA) and high density amorphous (HDA) ice. LDA can be formed from HDA and vice versa. [19] [20] [21] Current models explaining the behavior of liquid bulk water, e.g., the relationship between supercooled and glassy water and the nature of the transition between the two glassy phases LDA and HDA, are based on polymorphism. Three hypotheses are of interest: (i) the stability limit conjecture, (ii) the singularity-free scenario (SF), and (iii) the liquid-liquid phase transition (LLPT) hypothesis. The latter two assume that water properties are the result of intermolecular HBs forming a locally structured transient gel comprised of many molecules that increase in number as the temperature decreases. 22, 23 These local "patches" or HB sub-domains 24, 25 enhance the fluctuations in specific volume and entropy and their negative cross correlations with anomalies that closely resemble those observed experimentally. In addition, the two amorphous states are the corresponding vitreous forms of low-density liquid (LDL) and high-density liquid (HDL). Upon supercooling, the response functions increase sharply but remain finite in the SF case. In the LLPT, there is a transition with critical fluctuations. Here we will use the NMR spectroscopy technique to study the thermal evolution of the dynamics of these local HB "patches" in order to better understand the properties of the hydrophilic interaction.
II. MATERIALS AND EXPERIMENTAL METHODS

A. Samples
We study bulk and emulsified water at a pressure of 1 bar. We studied bulk water in the 373-263 K temperature range, and emulsified water in the 310 > T > 238 K range for both T 1 and T 2 . For T 1 we also studied a larger temperature interval by heating the samples to 332 K. The accuracy throughout the experiments was ±0.02 K. We constructed the water emulsion with water droplets of a size range 1-10 µm by using a homogenizer to stir 4000 mg of de-ionized water (H 2 O) in a matrix of 2000 mg methylcyclohexane, 2000 mg methylcyclopentane, and 200 mg sorbitan tristearate. We used the same emulsion employed for a water density study in the deep supercooled regime 26 and for an NMR experiment about T 1 as a function of pressure. 27 For the NMR experiments, we used a Bruker Avance spectrometer operating at 700 MHz. The pulse sequence used to measure T 1 was the inversion recovery by varying the interpulse delay from microseconds to several seconds. For the spin-spin relaxation, we used the Carr-Purcell-Meiboom-Gill procedure. 28 
B. Results and data analysis
The pioneering work of Bloch, Purcell and their collaborators 15, 29 describes the broadening of the spectral lines and the relaxation effects of condensed phases in NMR absorption. A complete theoretical treatment, relatively simple when the fields on each of the magnetic moments are independent, becomes complicated when these moments are directly or indirectly coupled and their fields correlated (e.g., as in dipolar and exchange interactions).
One of the first attempts to explore experimental NMR data was proposed by Bloembergen, Purcell, and Pound (BPP). They consider how energy is transferred from a radiofrequency circuit to a system of nuclear spins immersed in a magnetic field H 0 by transitions among the energy levels of the spin system when the spins are non-interacting. 15 System exposure to the perturbating radiation, with consequent energy exchanges, upsets the original equilibrium state by equalizing the populations of the various levels. The new equilibrium state is due to the effects of the radiofrequency field and is a balance between the absorption of energy by the spins from the radiation field and the transfer of energy to the heat reservoir supplied by all other internal degrees of freedom in the substance containing the nuclei.
This process is the so-called spin-lattice interaction described by a characteristic spin-lattice relaxation time T 1 . This relaxation time also measures how long one must wait after the application of the constant field H 0 for the establishment of thermal equilibrium. The competition between resonance absorption and spin-lattice interaction mentioned above also provides a way of measuring T 1 .
The BPP approach thus proposes that the effect of the nuclear motion on the dipolar broadening can be treated as a random modulation of the dipolar field caused by the Brownian motion of the atomic nuclei. Under these conditions, by assuming that the intermolecular effects are negligible (or absent as in an ideal fluid) and the system is dominated by the dipole-dipole interaction, it follows that 15 1
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This result was applied to water by focusing on how a given proton is affected by its nearest neighbor (the other proton in the H 2 O molecule), by assuming that the molecule is rigid, and by assuming that the orientation and direction of the vector connecting the two protons varies randomly. Here the 1 H T 1 measured in water is determined by the interaction fluctuations induced by molecular motions that are characterized by a correlation time ⌧ c and that are the result of the thermal motion of the magnetic nuclei affecting the spin-spin interaction. This is associated with the local Brownian motion and is closely related to the characteristic time that occurs in the Debye theory of polar liquids as
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where r is the interproton distance. There is also a relation between ⌧ c and the nuclear Larmor frequency when this latter quantity is much less than 1/T 1 , averaging out the perturbations caused by the local field. In this case, the width of the frequency resonance line is ⇠⌧ c . The problem of magnetic resonance absorption was recently reconsidered and a general expression for the frequency-dependent susceptibility of a magnetic system obtained using a quantum-statistical method based on the linear theory of irreversible process that uses projection operators. 16 Here the relaxation or the self-correlation function of the magnetic moment (i.e., the Fourier transform of the absorption intensity distribution) is expanded by assuming that the perturbation energy changes the distribution of the resonance spectrum. We consider the system Hamiltonian to be the sum of a "secular" term that commutes with the unperturbed terms and a "non-secular" portion of the perturbation. Secular and nonsecular contributions lead to different relaxation functions with different relaxation times. Thus the different J N spectral functions are characterized by different ⌧ i . Only when the relaxation function is assumed to be a single exponential, the system can be described by a single relaxation time (⌧ c ). In the ideal case of isotropic nuclear arrangements, the two kinds of spin inversion processes have different weights for the spin-lattice relaxation (that in this latter model is 1/T 1 = 3/2 4~2 I(I + 1) [J 1 (⌫ 0 ) + J 2 (2⌫ 0 )]) and the non-secular broadening effect (1/T 0 1 = 4~2 I(I + 1) [15/4J 1 (⌫ 0 ) + 3/8J 2 (2⌫ 0 )]), so that they are generally not identical. The model also produces a different relation for the spin-spin relaxation time T 2 (1/T 2 = 4~2 I(I + 1)⌧ 0 + 1/T 0 1 ), which in the ideal case in which all the relaxation times corresponding to the different spectral functions are identical to ⌧ c , which is given by 1 T 2 = 3 4~2 20r 6 2 6 6 6 6 4
Finally
It is thus clear that in a real system in which the spin interactions and correlations at molecular level are effective, the experimental behavior will vary in a way not fully accounted for in these models. It is also possible that the spin magnetization when the liquid returns to equilibrium will not be exponential. Examples include water with its complex thermodynamics and systems characterized by strong correlations or clustering processes, e.g., many of those that are supercooled. Here T 1 must reflect the significant fluctuating interactions between the spin and the rest of the material of which the nucleus is a part.
We thus use the BPP approach on bulk and emulsified water and the measured T 1 and T 2 to obtain the correlation time ⌧ c and to study their evolutions as a function of ⌧ c inside the stable liquid and the supercooled metastable liquid. Figure 1 shows the behaviors of the spin-lattice T 1 and spinspin T 2 in an Arrhenius plot (i.e., the log of T 1 and T 2 (s) vs 1000/T (K 1 )), measured in the experiment (open symbols) and the literature data. 30, 31 Note that the temperature behaviors of these two relaxation times of bulk and emulsified water show, within the experimental error, that water inside micrometer droplets behaves like bulk water. Although in the stable phase these nuclear absorption times have a different temperature dependence immediately below the melting temperature (T M = 273.16 K), inside the supercooled phase their behaviors are approximately the same. Figure 2 shows another Arrhenius plot of the correlation time ⌧ c calculated from the experimental values of T 1 and T 2 according to the BPP model and by considering the quantity T 1 /T 2 . Note that this correlation time exhibits a super-Arrhenius decrease by decreasing T to near T M , after which it slowly decays as it approaches the supercooled regime. The initial decrease in correlation time ⌧ c is similar to that of T 1 . It changes from ⇠1.3 ns, when T 1 ⇠ 4.7 s at 312 K, to ⇠0.3 ns, when T 1 ⇠ 1.7 s at 273 K. According to the BBP model, the temperature behavior of ⌧ c is caused by the evolution of the water structure. It is largely disordered at high T (T > T ⇤11 ) and evolves toward a stable network at the supercooled phase. 1,32, 33 The water polymorphism of the SF and the LLPT models suggests that the onset of this "percolation-like" structure occurs in the stable liquid phase and becomes complete at the so-called Widom line, 34 which at the ambient pressure of our experiment is ⇡225 K. 32, 35, 36 NMR experiments focus on the local arrangement of the spin system, and the correlation time behavior reflects the dynamic effects of the water structure with its tetrahedral network formed by the HBs. Figure 3 shows T 1 and T 2 as a function of the BPP correlation time ⌧ c . Note that although T 1 increases as the correlation time increases across the studied range, T 2 in the high ⌧ c regime remains nearly constant. Because we worked at ! 0 = 700 MHz in order to satisfy the condition 1/! 0 = 1.429 ⇥ 10 9 ⌧ c , we are able to see the hyperbolic behaviors in the supercooled regime T 2 ⌧ c ⇠ const. and T 2 ' T 1 predicted by BPP, which is where the HB network becomes increasingly stable. Note that the behavior of both the NMR relaxation times T 1 and T 2 (when the temperature is increased) and the BPP correlation time is due to the local water order that is unstable at moderate temperatures above T M , and that the instability increases as T increases. When a certain temperature is reached, the disordered HDL phase dominates the network structure of water and the degrees of freedom increase as T increases. 32, 33 Thus the time needed to restore equilibrium after the magnetic field has been applied increases, but the spin-spin relaxation time remains nearly constant. These NMR experiments probe how the onset of the tetrahedral HB water network is affected by supercooling to its "melting" point in the moderate high temperature regime near T ⇤ . This is also confirmed by the fact that the HB lifetime becomes very short and its probability of forming becomes very low at these temperatures. This is important in chemistry and physics and in the technology of water solutions in which the HB interaction affects properties in competition with other interactions, e.g., ionic and hydrophobic. Of special interest here is how hydrophilicity (HB) and hydrophobicity have opposite effects on the folding and unfolding of biomolecules in water that influence the biological activity.
Using the Kubo and Tomita observation that the secular and non-secular spin lattice relaxations are not identical and that the different J N spectral functions are characterized by different ⌧ i , Powles and Hubbard study the spin-lattice relaxation 37, 38 by assuming that three factors contribute to proton relaxation, intermolecular dipolar, intramolecular dipolar, and nuclear spin-rotation interactions. Thus 1
Note that usually the rotational nuclear interaction is smaller than the dipolar interaction. It can be evaluated in water only when T 350 K, where the system dynamics are strongly affected in the region of the critical point, 30 1
Hubbard 38 proposed that the intermolecular dipolar contribution is strongly affected by the molecular self-diffusion
where N is the number density of the nuclei, a is the hydrodynamic radius, and b is the distance of the nucleus from the center of the molecule. Having D S (T ) in the same temperature range as the T 1 data reported in Fig. 1 , we use this latter form to calculate T D-Inter 1 for both the bulk and the emulsified water and use the values a = 1.38 Å and b = 0.92 Å 39, 40 (see the Arrhenius plot in Fig. 4) .
Thus the difference between this latter quantity and T 1 allows us to obtain the intramolecular dipolar contribution (see Fig. 4 ). When 1/! 0 ⌧ i this can be written in terms of system viscosity ⌘ or molecular rotational time ⌧ ✓ , 27,39-41 Figure 5 shows the calculated ⌧ ✓ (r = 1.52 Å) which we obtain and the data from the literature. The values from high temperatures to supercooled temperatures range within approximately one order of magnitude from 0.5 ps to 20 ps and their behavior is non-Arrhenius. Figure 5 also shows the viscosity ⌘ 42 and the relaxation time ⌧ R in the same temperature range in bulk water measured by depolarized Rayleigh scattering (DRS). ⌘ and ⌧ R are scaled using a multiplicative factor, 3 for ⌧ R and 3.155 ⇥ 10 12 for the viscosity measured in cP. 43, 44 Note that this relaxation process, related to the fast HB rearrangement at picosecond time scales, is rotational, and can be characterized as a HB breaking mechanism, 45, 46 therefore as a measure of the average water HB lifetime. Note also that the Raman DRS spectrum is a measure of the relaxation of the polarizability anisotropy, including rotational and translational molecular motions and their cross contributions. There are different ways of treating these data. The usual approach is that of the ideal mode coupling theory (MCT), 47 FIG. 5. The molecular rotational time ⌧ ✓ evaluated according to the Hubbard approach 37,38 from the spin-lattice relaxation time, present and literature data. In the figure are also reported viscosity and depolarized Rayleigh scattering (DRS) data and relaxation time ⌧ R data 43, 44 normalized by means of a constant numerical factor. a(T T c ) , where T c is the ideal critical temperature and a non-universal exponent. 48 All the water transport parameter data (the viscosity, the self-diffusion coefficient, and the different relaxation times) obey this MCT power law, from the stable liquid phase to inside the supercooled region, giving T c ⇠ 221 K and ' 2.2. 49 This scenario has been also confirmed by different molecular dynamics simulation studies. 1 However, liquid bulk water cannot be easily studied below the homogeneous nucleation temperature T H = 231 K. The glass transition temperature of water is estimated to be T g ⇠ 130 K, and above that temperature it becomes a highly viscous fluid that crystallizes at T X ⇠ 150 K. On these bases there is the suggestion that liquid bulk water cannot be experimentally tested within the range from T H to T X , the so-called No Man's Land. However, such a constrain has been overcome by using confined water 32, 35, 36 and recently in micrometer water droplets with a diameter of 9 or 12 µm. 50 In the first case, temperatures up to about 190 K can be explored, whereas in the second one the minimum reached temperature was 227 K. It must be noticed that all the measured dynamical data are substantially, in both cases, in good agreement.
⌧(T ) =
All the ⌧ ✓ (T ) data shown in Fig. 5 are measured inside the bulk liquid phase and obey the MCT power law with an estimated exponent and a T c that, within experimental error, are the same as the other water transport parameters.
Angell and Ito 51 use a power law approach similar to MCT to study the water relaxation time; the transition from fragile (super-Arrhenius) to strong (Arrhenius) at T L ⇠ 221 DK is caused by the growth of the water LDL network when T is decreased. 33, 51 Instead in a previous paper, Speedy and Angell proposed by using the same power law for the compressibility data a divergence at 228 K. 4 This fragile-to-strong dynamical crossover has been observed in many molecular glass forming liquids in the bulk phase, 49, 52 but not in water because of the No Man's Land where it can only be studied under confinement. 6, 35, 53 The MCT explains this in terms of molecular hopping 49, 54 that occurs between the HB water clusters corresponding to hopping between energy basins in an energy landscape. The inherent structures describing the supercooled liquid state of glass-forming materials have been developed for water. 55 Although we have studied bulk and emulsified water far from T c (our limit is 238 K), we also explore the supercooled regime within a temperature interval where the HB network dominates system dynamics. Figure 6 shows how the NMR relaxation times as a function of ⌧ ✓ accurately describe the HB effect on water. Figure 6 also shows the differing behaviors above and below ⌧ ✓ ' 7.5 ps (the value for T ' 266 K). For T < 266 K the spin-lattice and the spin-spin relaxation times have the same behavior, a power law as a function of ⌧ ✓ , T 1 , and T 2 ⇠ ⌧ ✓ , with ' 1.1 (solid line). When T > 266 K and ⌧ ✓ < 7.5 ps; however, these two characteristic NMR times behave differently. The T 1 values again show power law behavior, there is a little change in slope ' 0.9 (dotted line), and T 2 slowly evolves toward the high temperature regime. The behavior inside the supercooled regime indicated by the power law index exhibits a consistent correlation between the three NMR relaxation times (T 1 , T 2 , and ⌧ ✓ ) and occurs because there is a water structure with stable HBs. Instead when the temperature becomes so high that the water network melts and the rotational correlation time ⌧ ✓ approaches the values of the order of some picoseconds, the spin-spin and the spin-lattice times must evolve differently with a sort of decoupling in the translational and rotational dynamics.
III. CONCLUSIONS
We have investigated the dynamic behavior of water as a function of temperature across a wide range-including the supercooled regime for both bulk and the emulsified water -using NMR spectroscopy, and have observed the evolution of the spin-lattice and spin-spin relaxation times. The data we obtain agree well within error bars with literature data. To explore the influence of HB interactions on water properties, we use two different approaches to determine how the motion of a given proton in a water molecule is determined by its nearest neighbors. In the first case, we use the classical approach of a single characteristic correlation time ⌧ c caused by the thermal motion effects of the magnetic nuclei on the spin-spin interaction. Figure 3 shows how the temperature evolutions of T 1 and T 2 as a function of ⌧ c can be used to explain how the HB interactions create the characteristic tetrahedral transient network and make water polymorphism the cause of system thermodynamical anomalies. In the second case, we use a model developed by Hubbard in the same theoretical scheme (BPP and Kubo-Tomita) that uses spinlattice time relaxation and transport parameter data (viscosity or self-diffusion) to evaluate the rotational time ⌧ ✓ of a proton. Note that ⌧ ✓ is related to spin-spin rotational correlations and has the same thermal behavior as other liquid water transport parameters such as viscosity and rotational (DRS) relaxation time. Here also the correlations of NMR relaxations T 1 and T 2 with measured ⌧ ✓ are evidence that HB interactions determine water properties and dynamics. In the supercooled regime, these relaxation times are strongly correlated because the HB interactions are strong enough and have a lifetime long enough to sustain a stable water network, but a temperature increase decreases the HB interaction lifetime and eventually destroys the water clusters and decouples the dynamic modes of the system. Our results indicate that when HB interactions that facilitate clustering in water solutions compete with interactions with opposite behaviors, e.g., hydrophobicity, the effects of these latter interactions become relevant for temperatures where the water tetrahedral network is no longer stable.
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